atom derivatives. The heavy atom derivatives from five
such mutants were used for phasing (Table 1) but that proposed that the ␤c extracellular domain is composed of two cytokine receptor homology modules. In agreefrom the sixth (T418C) was only used for the determination of the heavy atom position. The structure was rement with this, only domains 1 and 3 have disulfide bridges. Domains 2 and 4 are classical fibronectin type fined to an R cryst of 0.267 and R free of 0.304 for data extending to 3.0 Å spacing (Table 1) . It is a dimer of two III domains consisting of two antiparallel ␤ sheets of three strands (designated A, B, and E) and four strands identical subunits and comprises 408 out of 419 residues in each chain with glycosylation at N34 and N167. Resi-(G, F, C, and D) respectively packed together via multiple hydrophobic interactions. Domains 1 and 3 also have dues 259-266 and 417-419 were disordered in the crystal and excluded from structural analysis.
fibronectin III topology but strand D is extended and forms part of both ␤ sheets, as is found in the h-type topological class of the immunoglobulin fold (Bork et The ␤c Subunit Fold The ␤c subunit extracellular domain is an intertwined al., 1994). Domain 1 has six cysteines engaged in three disulfide bridges (C11-C21, C51-C72, and C62-C67). dimer (Figure 1) . Each subunit consists of four domains each with an approximate fibronectin type III topology Domain 3 has four cysteines in two disulfide bridges (C226-C236 and C271-288). A highly novel feature of (Figure 1) , and the two chains are related by an approximate, local, noncrystallographic 2-fold axis. Bazan (1990) these two domains is that in each case, strand G is N-glycosidic attachment of sugar residues occurs at two positions (N34 and N167). N34 has been built as two N-acetylglucosamine (NAG) residues plus a mannose. N167 has two NAG residues, the first of which is fucosy- (Table 1 ). The propensity for approximate orthogonality of domains in this class of receptors is maintained in this structure, albeit in a novel conformation.
Mechanism of Dimer Formation
The swapping of G strands in the ␤c subunit structure has features similar to three dimensional domain swapping (Schlunegger et al., 1997), where an element of secondary structure or a whole domain is swapped with 
, 1992). tween the residues forming the G strands and their
The ␤c dimer structure is therefore not a crystallization neighboring atoms in ␤c, using inter alia the program artifact.
LIGPLOT (Wallace et al., 1995), did not reveal any inter-
The membrane form of the ␤c receptor is also a dimer. actions that would preclude the placement of the strand The results of cross-linking studies that show this are back in its parent domain. However, the F-G loops in given in Figure 4 . ␤c 503 , which has a truncated cytodomains 1 and 3 are very short and contain proline plasmic domain but normal extracellular and transmemresidues. This may favor extension of the G strands away brane domains, was expressed in insect cells using the from the parent domains and facilitate participation in baculovirus system and analyzed by Western blotting G strand swapping.
with and without cross-linking. ␤c 503 is a convenient size to compare with the purified extracellular domain in terms of cross-linking results. Other studies have shown Biological Relevance of the ␤c Dimer The ␤c subunit extracellular domain was produced in that truncation of the ␤c cytoplasmic domain does not affect its ability to be expressed in the membrane or to insect cells using the baculovirus system that has given faithful expression of a number of proteins consisting form a normal high affinity complex (Sakamaki et al., 1992). The purified ␤c extracellular domain dimer was of fibronectin domains (Aritomi et al., 1999; Kishore et al., 1997) and avoids potential refolding artifacts. Fullused as a positive control. The ␤c extracellular domain (monomer size 54 kDa) was completely converted to a length human IL-5␣ and ␤c receptors expressed using the baculovirus system have been shown to form a norhigher molecular weight form by cross-linking with BS 3 (Figure 4 ). The apparent size of the cross-linked form mal high affinity complex by binding studies (Zhang et al., 1999) . Thus, there is no reason to believe that the was 2.7 times that of the monomer rather than double. We attribute this to the inability of the cross-linked internovel ␤c dimer structure results from the expression system used. twined dimer to completely denature and maximally bind SDS, resulting in lower than expected electrophoretic We have also shown by analytical ultracentrifugation and native gel electrophoresis that the purified extracelmobility and higher apparent size. No bands were obtained when the insect cells were infected with an unrelular domain is greater than 90% dimer with no monomer detectable. The extracellular domains of the mouse ␤c lated baculovirus construct (data not shown). ␤c 503 (monomer size 63 kDa) could also be completely conand ␤ IL-3 subunits also form stable dimers, suggesting ligand GM-CSF. As a result of the addition of GM-CSF, the ␤c dimer formed a complex with the ␣ receptor and was phosphorylated, indicating that it could participate normally in receptor activation.
Potential Interactions with Ligands
The ␤c subunit does not bind GM-CSF, IL-3, or IL-5 detectably on its own. However, in the presence of the respective ␣ subunits, high affinity complexes are formed in which the ligand is closely associated with the ␤c subunit. The two domains closest to the membrane on either side of the dimer (domains A1-B4 and B1-A4) adopt the characteristic L-shaped topology seen in the growth hormone receptor and related two-domain receptors (Figures 1 and 5 have been reported. The relative positions of the hormone receptor) and with the existing mutagenesis data on affinity converting residues. In addition, the two ␤ strands appear to be in good agreement in the above two studies and the present work. Of the key residues in cysteine residues in domain 1 (C62 and C67) that are required for activation of ␤c are part of an exposed domain 4 believed to be involved in high affinity complex formation, the orientation of I350 is consistent in all three pointed loop that is well positioned for interaction with the ␣ receptor.
studies but there appears to be significant differences in the sidechain orientations of Y347, H349, and Y403. 
Receptor Activation
The principles governing the activation of shared recepPotential Interaction with ␣ Receptors Subsequent to the formation of the high affinity complex, tors like the ␤c subunit to which the ligands do not detectably bind in the absence of the ligand-specific it appears that a disulfide bond is formed between the ␣ and ␤c subunits, which is necessary for receptor actisubunits have yet to be established. There is no evidence that the receptor ␣:ligand complexes bind strongly to vation. Mutagenesis of either C62 or C67 prevents this cross-link between ␣ and ␤c subunits from occurring, ␤c, so a combination of weak interactions, assisted by high local receptor concentrations in the membrane, suggesting that the D-E loop in domain 1 that incorporates C62 and C67 is involved (Stomski et al., 1998) .
shape complementarity, and restricted diffusion due to membrane anchoring is likely to be involved in the forThis loop is well defined in domain 1 and projects as a pointed loop or "disulfide finger" into the interior of the mation of the high affinity complex. It is also possible that stabilization may be assisted by interactions bestructure, where it is accessible (Figure 1) . The membrane proximal side of the loop on either side of the tween the cytoplasmic domains. A feature of the high affinity complexes of ␤c is that the off-rate for the ligand disulfide bond forms a band of hydrophobic residues including P65, P63, and A61. The backbone conformais significantly lower than the rate for the ␣ receptors alone (Haman et al., 1999) . tion of these residues is in an extended ␤ conformation. Internal to the loop M57, P69, and the disulfide bond
The structure of the ␤c subunit is the first complete extracellular domain structure of one of the more commaintain a hydrophobic environment. The putative interaction between the D-E loop of domain 1 and the ␣ plex members of the class I family of cytokine receptors. Although long recognized from its sequence to consist receptor subunit suggests that at least part of the ␣ receptor will be positioned on the inner side of the dimer of two cytokine receptor homology modules, its structure has remained an enigma. The intertwined dimer in the high affinity complex.
Studies of receptor subunit interactions in the growth revealed by X-ray crystallography is a novel variation on the structure of the receptors of this family described 
